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Abstract

Mobility-as-a-service (MaaS) provides seamless door-to-door trips by integrating differ-
ent transport modes. Although many MaaS platforms have emerged in recent years, most of
them remain at a limited integration level. This study investigates the assignment and pric-
ing problem for a MaaS platform as an intermediary in a multi-modal transportation network,
which purchases capacity from service operators and sells multi-modal trips to travelers. The
analysis framework of many-to-many stable matching is adopted to decompose the joint de-
sign problem and to derive the stability condition such that both operators and travelers are
willing to participate in the MaaS system. To maximize the flexibility in route choice and
remove boundaries between modes, we design an origin-destination pricing scheme for MaaS
trips. On the supply side, we propose a wholesale purchase price for service capacity. Accord-
ingly, the assignment problem is reformulated and solved as a bi-level program, where MaaS
travelers make multi-modal trips to minimize their travel costs meanwhile interacting with
non-MaaS travelers in the multi-modal transport system. We prove that, under the proposed
pricing scheme, there always exists a stable outcome to the overall many-to-many matching
problem. Further, given an optimal assignment and under some mild conditions, a unique
optimal pricing scheme is ensured. Numerical experiments conducted on the extended Sioux
Falls network also demonstrate that the proposed MaaS system could create a win-win-win
situation—the MaaS platform is profitable and both traveler welfare and transit operator rev-
enues increase from a baseline scenario without MaaS.
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1 Introduction

Mobility-as-a-service (MaaS) is a new emerging concept for urban mobility. The key idea
is to serve convenient and seamless door-to-door trips by integrating different transport modes.
Accordingly, travelers buy mobility as a service instead of a bundle of travel modes (Kamargianni
et al., 2016; Jittrapirom et al., 2017). While the integration of shared and on-demand mobility
services with the mass transit network has been studied extensively in the literature (e.g., Wang and
Odoni, 2016; Chen and Nie, 2017; Stiglic et al., 2018; Pinto et al., 2020) and also been explored in
real practice (e.g., Shaheen and Chan, 2016; Wang and Ross, 2019; Mohiuddin, 2021), the raise of
MaaS brings up a series of open questions, e.g., who should play the role of MaaS platform? what
is the relationship between the MaaS platform and mobility service operators? how should MaaS
trips be priced and how should the revenue be distributed? could a MaaS system generate extra
welfare for travelers and service operators meanwhile being profitable for the platform?

Motivated by the above questions, we study the assignment and pricing problem for a MaaS
platform in a multi-model transportation network with both fixed-route transit and on-demand
mobility services. Specifically, the MaaS platform is modeled as an intermediary that purchases
capacity from the service operators and sells trips to travelers according to their origin-destination
(OD) pairs, regardless of the modes or paths. Accordingly, MaaS travelers are provided with
maximum flexibility in trip planning, which truly realizes the idea of MaaS (i.e., buying mobility as
a single service rather than several means of transportation). In practice, the MaaS platform could
recommend several trip plans based on different criteria (e.g., total travel time, number of transfers,
etc.). Travelers could take any of them or follow other plans based on their own preferences. On
the other hand, by wholesaling a fraction of capacity to the MaaS platform, the service operators
also spread part of their risks. In other words, the service operators still operate as usual, but they
now are guaranteed a certain level of revenue from the MaaS platform.

This new design of the MaaS platform leads to several challenges. The first one is to assign
passenger flows to the multi-modal traffic network, subject to the capacity constraints of mass
transit as well as the congestion effect in on-demand mobility services. Different from classical
multi-modal settings (e.g., Di and Ban, 2019; Luo et al., 2021b), our intermediary MaaS platform
setting requires the assignment problem to jointly determine the capacity purchased from each
service operator. Secondly, the proposed OD-based pricing brings additional challenges because
it provides MaaS travelers with flexibility in their route choices. As will be shown later, it leads
to complex equilibrium constraints in the assignment problem. The third key challenge regards
pricing on both the demand and supply sides of the MaaS system. The main task here is to de-
termine the capacity purchase price and the OD-based trip fare to maximize the MaaS platform’s
profit, meanwhile ensuring the participation of both service operators and travelers. To tackle these
challenges, we adopt the analysis framework of many-to-many stable matching (Gale and Shapley,
1962; Sotomayor, 1992). Under stable matching outcomes, no other coalition of players can be
created that achieves a higher total payoff. Hence, no one has an incentive to deviate from their
current matching. To derive stable matching outcomes for the MaaS system, we first solve the
multi-modal traffic assignment problem. Based on the optimal assignment, we then derive the sta-
ble conditions that retain the participation of travelers and service operators. These conditions, in
turn, serve as constraints in the optimal pricing problem.

2



Although many MaaS platforms have emerged in real-world (e.g., Transdev, Keolis, Moovel,
Moovit), most of them remain at a limited integration level with a combined ticketing/payment sys-
tem and/or trip planner (Kamargianni et al., 2016). While a few exceptions (e.g., Whim, UbiGo)
sell mobility packages, this so-called MaaS bundle (Reck et al., 2020) is still defined on specific
services (e.g., one package contains certain numbers of taxi trips and bike-sharing trips). In con-
trast, we propose to completely remove the boundaries between transport modes through OD-based
pricing. To the best of our knowledge, this MaaS pricing scheme has not been studied in the liter-
ature. Neither has it been implemented in real practice. This study also contributes to the explicit
modeling of an intermediary MaaS platform. Different from previous studies (e.g., Rasulkhani
and Chow, 2019; Pantelidis et al., 2020), we introduce MaaS platform as another stakeholder in
the market in addition to travelers and operators. It thus generates more insight into real prac-
tice. The proposed model further captures the interactions between MaaS and non-MaaS systems,
which is missing from the literature (e.g., Pantelidis et al., 2020; Deng et al., 2022) but has a great
impact on MaaS service planning.

In summary, this paper proposes a new design of an intermediary MaaS platform that pur-
chases capacity from the service operators and sells multi-modal trips to travelers with OD-based
fares. Besides the novel MaaS diagram, this paper makes several methodological contributions:

• We exploit the many-to-many stable matching analysis framework to tackle the join pricing
and assignment problem in the multi-modal transportation network and decompose it into a
link-based assignment problem and a pricing problem with only linear constraints.

• We reformulate the assignment problem as a bi-level program by exploiting the market clear-
ance condition and propose a penalty-based solution algorithm.

• We derive the stability condition that ensures the participation of the MaaS travelers and
operators, and further simplify it by exploiting the optimal assignment outcomes and by
introducing a capacity pricing scheme. Consequently, the reduced stability condition can be
easily computed without path enumeration, as opposed to the literature.

• We prove the existence of a stable outcome and further establish the uniqueness of optimal
pricing under mild conditions.

Through the numerical experiments on the extended Sioux Falls network, we show that the pro-
posed MaaS system could create a win-win-win situation—the MaaS platform is profitable and
both traveler welfare and transit operator revenues increase from a baseline scenario without MaaS.
Furthermore, MaaS has the potential to substitute private driving with public transport, and pro-
mote multi-modal trips and MT ridership.

The rest of this paper is organized as follows. Section 2 briefly reviews related work. Sec-
tion 3 presents the multi-modal network. The multi-modal traffic assignment and optimal pricing
problem for MaaS many-to-many matching are presented in Section 4, along with discussions
of solution existence and pricing uniqueness. Section 5 reports the results of the numerical ex-
periment, with additional discussions in Section 6. Section 7 summarizes the main findings and
comments on the directions for future research.
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2 Related work

The research on the MaaS assignment and pricing problem is still limited in the literature. The
closest ones to this study are Pantelidis et al. (2020) and Liu and Chow (2023), both of which
adopt the concept of many-to-many stable matching. While Pantelidis et al. (2020) only consider
fixed-route transit, Liu and Chow (2023) incorporate the on-demand mobility services. In brief,
the analysis of many-to-many stable matching consists of two steps (Sotomayor, 1992). In the
first step, a centralized assignment problem is solved that matches the supply of multiple “sellers”
with the demand of multiple “buyers”. The second step is solving a constrained optimal pricing
problem. Specifically, the constraints are given by the stability condition derived from the optimal
assignment outcomes obtained in the first step, which guarantee that no pair of buyer and seller has
the incentive to deviate from their current assignment and create a new matching. Accordingly, the
joint assignment and pricing problem is disentangled into subproblems that are connected by the
stability condition.

This study also applies the analytical framework of many-to-many stable matching but differs
in several ways. First and foremost, we explicitly model the MaaS platform as an intermediary
that matches demand with supply and sets prices on both sides. In Pantelidis et al. (2020), the
supply-side decision is whether each service is activated in the MaaS network, and in Liu and
Chow (2023), multiple copies of the binary decision variables are created to represent different
capacity levels. Differently, we consider exogenous mobility services and let the MaaS platform
decide how much service capacity it purchases from each operator. The platform also needs to
propose a capacity purchase price that sustains the participation of operators. Although largely
complicating the stable conditions and the pricing problem, this modeling framework aligns much
better with real practice. The second difference regards the demand-side pricing scheme. Here we
consider OD-based pricing, which allows travelers to freely choose modes and paths to reach their
destinations. As a result, the assignment problem is no longer fully centralized as in Pantelidis et al.
(2020) and Liu and Chow (2023) but involves complex equilibrium constraints that describe the
rational route choice of MaaS travelers. Thirdly, our model also captures the interactions between
MaaS and non-MaaS travelers in the congestible transportation network, instead of assuming non-
MaaS are teleported with fixed cost as in Pantelidis et al. (2020) and Liu and Chow (2023). This
prevents us from overestimating the benefit of MaaS and allows us to examine the impact of MaaS
on the general public.

Using a stylized model with two service operators and four links, van den Berg et al. (2022)
analyze three types of MaaS platforms: 1) integrator, which sets the price for cross-mode trips and
takes a share of revenue generated from MaaS trips; 2) broker1, which has no control on prices
but only takes a shared of revenue of MaaS trips; and 3) intermediary, which first buys trips from
the service operators and then sells them to MaaS travelers. It is found that travelers benefit the
most from a MaaS integrator because in this case, the platform acts as an additional competitor
in the mobility market. The MaaS platform modeled in this study is closest to the third case but
is different in the way that the capacity purchase price is set by the MaaS platform rather than
by the service operators. Another recent work also models the MaaS platform as an intermediary

1We do not use the term “platform” defined in van den Berg et al. (2022) to avoid confusion with the MaaS platform
considered in this study.
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and adopts the auction theory to solve the matching problem between operators and travelers (Ding
et al., 2023). In their setting, travelers bid for their trips without specifying the mode or path and the
platform matches them to multi-model trips with the objective of maximizing social welfare. The
service operators, on the other hand, fully comply with the trip assignment made by the platform.
In other words, the supply-side problem is not explicitly considered in Ding et al. (2023).

This study is also closely related to the multi-modal traffic assignment models (e.g., Di and
Ban, 2019; Chen and Di, 2021; Yao and Bekhor, 2023). Specifically, Deng et al. (2022) model
the stochastic user equilibrium in a hyperpath-based multi-modal network and solve the optimal
pricing/incentive problem on top of that. It further discusses the profit-sharing scheme among
service operators. Another array of research tackles the joint multi-modal network design and
pricing problem (e.g., Pinto et al., 2020; Luo et al., 2021a,b). The main focus of this study, however,
is to determine the optimal operational strategies for the MaaS platform, given the multi-modal
network and total service capacity.

The MaaS platform considered in this study serves as an intermediary between service oper-
ators and travelers. Hence, the proposed model is also connected to the supply-chain models (e.g.,
Nagurney et al., 2002; Nagurney, 2006). Instead of characterizing the equilibria between com-
petitive decision-makers in the supply-chain network, this study focuses on the optimal design of
MaaS service under stable matching conditions between operators and travelers.

3 Multi-modal network

Consider a multi-modal mobility network G(M ,N ,A ) that is defined by the operator set M , the
node set N and the link set A . G consists of a series of subnetworks Gm, each of which denotes
the service network of an operator m ∈ M , the sets of origin and destination nodes, denoted by
N O and N D, respectively, a set of dummy links A dm that connect origin/destination nodes to the
service networks, and a set of transfer links A tr that connect between different service networks.
An example of the multi-modal mobility network is illustrated in Figure 1.

Trip origin and destinations

Service network of Operator I

Service network of Operator II

dummy link transfer link

Figure 1: A multi-modal mobility network.

For each service network, the links are further divided into regular links, which represent reg-
ular trip segments; and access links, which capture the queuing/searching process in a specific type
of mobility service. In this study, we consider two categories of mobility services, namely, mass
transit (MT), which includes fixed-route bus and railway, and mobility-on-demand service (MoD),
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such as ride-hailing and bike-sharing. Accordingly, there are six subsets of service links: MT reg-
ular links A MT-r, MT access links A MT-a, MT egress links A MT-e, MoD regular links A MoD-r,
MoD access links A MoD-a, and MoD egress links A MoD-e. Besides service networks, there is also
a subnetwork corresponding to private driving, an optional mode for non-MaaS travelers but not
for MaaS travelers. The set of links is denoted by A Drv.

The proposed modeling framework is flexible to accommodate any travel time functions on
these links, so long as they are continuous. In what follows, we provide examples of the travel
time function specifications for each type of link in the multi-modal network.

3.1 MT links

The link travel time in mass transit is often assumed to be constant (De Cea and Fernández, 1993;
Lam et al., 2002; Szeto and Jiang, 2014), and since we consider exogenous mobility services in this
paper, it is safe to assume the MT has fixed headway, which yields a fixed travel time on the access
links. Additionally, the travel time on egress links is also assumed to be constant. Accordingly,

ta = Ta, a ∈ A MT-r ∪A MT-a ∪A MT-e. (1)

Note that, we assume explicit capacity constraints on MT regular links (detailed in the next sec-
tion). Similar to Lam et al. (2002), the congestion effects in MT will be captured implicitly by the
dual variable associated with the capacity constraints.

3.2 MoD links

Consider ride-hailing and bike-sharing as the two typical MoD services. The former is operated on
the road network whereas the latter can be considered independent of the road traffic. Hence, we
define two sets of MoD regular links, denoted by A MoD-r1 and A MoD-r2, and accordingly divide
the MoD operators into two groups, denoted by M MoD-1 and M MoD-2. The travel time on link
a ∈ A MoD-r1 is jointly determined by its own flow, the flow of other ride-hailing services, and the
background traffic. Following the convention, we model it with the Bureau of Public Roads (BPR)
function:

ta = Ta

(
1+0.15

(
∑m∈M MoD(xa,m + x̃a,m)+ x̄a

Ka

)4
)
, a ∈ A MoD-r1, (2)

where xa,m, x̃a,m are the link flows of MaaS travelers and non-MaaS travelers, respectively, , x̄a =
x̃a′,a′ ∈ A Drv is the link flow of background traffic corresponding to the same road link, Ta is the
free-flow travel time, and Ka is the fixed road capacity.

On the other hand, the travel time on link a ∈ A MoD-r2 can be simply set to a constant and
equal among the same type of MoD services.

ta = Ta, a ∈ A MoD-r2, (3)
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The travel time of an access link refers to the time travelers have to endure to start an MoD
trip. For ride-hailing services, we introduce the following approximation to simplify the analysis:

ta,m = (κm)
− 1

α2,m (Vm)
−

α1,m
α2,m (Dm)

1−α2,m
α2,m , a ∈ A MoD-a, m ∈ M MoD-1, (4)

Vm = Km − ∑
a∈A MoD-r1

ta(xa,m + x̃a,m), (5)

Dm = ∑
a∈A MoD-a

(xa,m + x̃a,m), (6)

where the parameter κm summarizes the impact of factors other than the demand and supply (e.g.,
matching efficiency), α1,m,α2,m are the scaling factors for operator m, and Km is the fleet size of
MoD operator m.

Eq. (4) is derived from the Cobb-Douglas matching function (Cobb and Douglas, 1928) by
setting the matching rate equal to Dm, i.e., the passenger arrival rate (Yang and Yang, 2011). The
other matching input Vm refers to the total vacant vehicles, including those available for matching
and those en route to pick up passengers. Finally, the scaling factors α1,m,α2,m correspond to the
elasticities of the matching function, which reflects the matching mechanism of the MoD operator
(Zha et al., 2016).

Since the waiting time in a dockless bike-sharing service shares the same property as ride-
hailing (Zheng et al., 2023), we may use Eq. (4) to estimate its access time as well, while replacing
the regular link set with A MoD-r2. Note that, however, the access time in bikesharing could be
different for MaaS and non-MaaS travelers due to their various trip origins and destinations. For
instance, as MaaS travelers tend to take more multi-modal trips, they are likely to start and end a
bikesharing trip at transit stations. Accordingly, their access time can be shorter than non-MaaS
travelers if more bikes are located near transit stations. Nevertheless, the distribution of bikes
is also related to the operator’s rebalancing strategy. To simplify the analysis, in this study, we
assume bikes are uniformly (re-)distributed in the network such that the access time is the same for
all travelers.

Similar to MT, we assume the MoD egress links have constant travel time, i.e.,

ta = Ta, a ∈ A MoD-e. (7)

3.3 Dummy and transfer links

We assume the dummy links induce no travel time, while each mode transfer takes a fixed travel
time. Hence,

ta = 0, a ∈ A dm, (8)
ta = T0, a ∈ A tr, (9)

where T0 is the fixed mode transfer time.
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4 MaaS as many-to-many matching

4.1 System overview

Consider a MaaS platform that purchases service capacity from the operators and offers multi-
modal trips to travelers. To facilitate the analysis, we introduce the following assumptions.

Assumption 1. Standing assumptions of the MaaS system:

1. The operator’s total service capacity and non-MaaS trip fares are fixed and exogenous;

2. Total travel demand is fixed and exogenous;

3. Travelers are homogeneous with a unit value of time and they take the trips that minimize
total travel utility, i.e., the sum of trip fare and total travel time;

4. MaaS travelers can freely choose single- or multi-modal routes so long as they are served by
the MaaS platform;

5. Non-MaaS travelers take self-designed single- or multi-modal trips, along with driving,
while they are subject to a non-negative planning cost for each mode transfer.

As described in Section 1, the assignment and pricing problem for the MaaS platform can be
formulated as a variant of many-to-many stable matching problem (Sotomayor, 1992). Specifi-
cally, we consider each OD pair as a “buyer” and each service operator as a “seller”. On the one
hand, the MaaS platform matches each OD pair to multiple service operators through multi-modal
trips. On the other hand, it purchases the service capacity from each service operator to serve
travelers between multiple OD pairs. Accordingly, the MaaS platform matches travel demand and
service capacity on the multi-modal paths. In particular, for MaaS travelers with the same OD
pair, the difference in travel utility between two multi-modal paths equals the difference in their
path travel times, because the trip fare remains the same under the OD-based pricing scheme. Ac-
cordingly, the path travel time becomes the only consideration for MaaS travelers in their route
choice. Additionally, the fourth point in Assumption 1 states that non-MaaS travelers may also
take multi-modal trips. In other words, the non-MaaS and MaaS travel flows inevitably interact on
the multi-modal paths.

Figure 2: Matching on the multi-modal network.
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We illustrate in Figure 2 the many-to-many matching for a simple network with one OD pair
and two operators (i.e., transit and ride-hailing). Travelers can choose among four feasible paths,
each of which consists of links from one or more operators. For simplicity, here we do not plot the
transfer or access links. Neither do we distinguish MaaS and non-MaaS demands. Yet, they will
be considered in the assignment problem formulated in the next subsection.

4.2 Assignment problem

Let W denote the set of OD pairs and Qw be the total travel demand between OD pair w ∈ W .
For MT operators, we use Ka to denote the total capacity of each regular link a ∈ A MT-r. As for
MoD operators, the service capacity on each regular link is the same as link flow, while the total
vehicle time, either occupied or vacant, should equal a fixed fleet size Km. In this study, we do
not explicitly model the vehicle rebalancing. Instead, we introduce a constraint Vm > V m with a
minimum vacant vehicle time V m > 0 to guarantee a certain level-of-service.

In this paper, we consider a socially oriented MaaS platform that aims to provide travelers
with convenient and sustainable mobility solutions meanwhile reducing traffic congestion (EU
MaaS Alliance, 2022). Accordingly, in the assignment problem, the platform determines the MaaS
demand qw, link capacity purchased ka and resulting link flows xa such that the total payoff of all
stakeholders in the multi-modal mobility system is maximized. As shown in Appendix A, this is
equivalent to minimizing the total system cost. Specifically, the total cost consists of two parts:
the total travel time of travelers and the total operation cost of mobility services. All other costs,
e.g., trip fares and capacity purchase price, are intermediate transfers between stakeholders within
the system and thus not counted. Since the mobility services are assumed to be exogenous in this
study, their operation cost is constant and thus can be dropped from the objective function.

To simplify the formulation, we introduce node potential πi j to denote the minimum travel
cost from node i to node j and define xw

a and x̃w
a as the MaaS and non-MaaS link flows associated

with OD pair w ∈ W , respectively. Collectively, the vector of MaaS and non-MaaS link flows are
denoted as x = {xw

a }a∈A ,w∈W , x̃ = {x̃w
a }a∈A ,w∈W , respectively.

In what follows, the accent “∼” is added to all non-MaaS variables. Specifically, p̃a, a ∈
A MT-r∪A MoD-r denotes the exogenous link-based fare set by the service operators. To capture
the extra burden of multi-modal trip planning for non-MaaS travelers, we further impose a fixed
cost P0 to each transfer link, i.e., p̃a = P0, ∀a ∈ A tr.

The assignment problem is formulated as follows:

min
q,k,x,π

∑
a∈A

ta(xa + x̃a) (10a)

s.t. qw + q̃w = Qw, ∀w ∈ W , (10b)

Vm + ∑
a∈A MoD-r

ta(xa,m + x̃a,m) = Km, ∀m ∈ M MoD, (10c)

Vm ≥V m, ∀m ∈ M MoD, (10d)

0 ≤
(
π js + ta −πis

)
⊥ xw

a ≥ 0, ∀a : (i, j) ∈ A , w : (r,s) ∈ W , (10e)

0 ≤
(
π̃ js + ta + p̃a − π̃is

)
⊥ x̃w

a ≥ 0, ∀a : (i, j) ∈ A , w : (r,s) ∈ W , (10f)
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∑
w∈W

xw
a = xa, ∑

w∈W

x̃w
a = x̃a, ∀a ∈ A , (10g)

x ∈ Ω(q), x̃ ∈ Ω(q̃), (10h)
xa ≤ ka, x̃a ≤ Ka − ka ∀a ∈ A MT-r, (10i)

q, q̃,k, k̃,π, π̃ ≥ 0. (10j)

Constraint (10b) states that the demand between each OD is split into MaaS and non-MaaS
travelers. Constraint (10c) is the conservation of MoD fleet and Constraint (10d) guarantees their
service qualities. Note that Constraint (10c) also implies the MoD service capacity purchased
by the MaaS platform matches exactly the demand it serves (i.e., ka,m = xa,m,∀a ∈ A MoD-r,m ∈
M MoD).

Constraints (10e) and (10f) describe the UE conditions for MaaS and non-MaaS travelers.
The former is due to the OD-based pricing scheme (i.e., MaaS travelers can freely choose routes
between their OD pair), while the latter represents the routing behaviors outside the MaaS system.
These two complementary constraints do not exist in the classic stable matching problem (Gale
and Shapley, 1962; Sotomayor, 1992). In Pantelidis et al. (2020) and Liu and Chow (2023), the
non-MaaS travelers are simply teleported to their destinations with a fixed cost. Therefore, our
formulation is more general and correctly captures the interactions between MaaS and non-MaaS
travelers in the multi-modal mobility network.

Finally, Ω(q) and Ω̃(q̃) respectively define the feasible sets of MaaS and non-MaaS OD-
indexed link flows that satisfy the flow conservation constraints. For instance, any feasible link
flow x ∈ Ω(q) satisfies

∑
k:(k,i)∈A

xw
ki − ∑

j:(i, j)∈A

xw
i j =


−qw, i = R(w)
qw, i = S(w)
0, otherwise

, ∀i ∈ N ,w ∈ W , (11)

xw
a ≥ 0, ∀w ∈ W ,a ∈ A \A Drv, (12)

where R(w) and S(w) denote the origin and destination of OD pair w, respectively. Ω̃ is only
different in the set of links, which also includes private driving links. The MT link capacity con-
straints are dictated in Eq. (10i), which, together with the non-negative constraints (10j), imply the
conservation of MT total service capacity.

4.2.1 Reformulation as a bi-level program

The assignment problem (10) is not easy to solve due to the equilibrium constraints (10e) and
(10f), especially in real-size networks. Hence, we proposed to reformulate the problem into a
bi-level program, where the MaaS demand and capacity planning is solved at the upper level and
the lower-level problem turns out to be a traffic assignment problem with capacity constraints. In
this section, we present the bi-level formulation, along with some analytical results to simplify the
original problem, while the detailed solution algorithm is presented Section 4.2.2.

We first observe that a profit-maximizing MaaS platform would purchase the exact service
capacity as the realized traffic flow. This result is presented in the following lemma.
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Lemma 1 (Market clearance). Suppose the MaaS platform aims to maximize its profit. Then, at
the optimal assignment, the purchased service capacity equals the realized MaaS travel flows at
optimum, i.e., k∗a = x∗a,∀a ∈ A MT-r.

Proof. See Appendix B (modified from Nagurney et al., 2002).

Accordingly, we can safely drop the decision variable ka and reformulate the problem as a bi-
level program, where the upper-level problem solves the optimal MaaS demand allocation and the
lower-level problem solves a multi-modal traffic equilibrium with capacity constraints. The lower-
level problem can be further turned into a variational inequality (VI) problem. The simplified
bi-level formulation is formally stated in Proposition 1.

Proposition 1 (Bi-level formulation of optimal MaaS assignment). For a profit-driven MaaS plat-
form, the assignment problem (10) is equivalent to the following bi-level program:
[Upper-level problem]

min
q ∑

a∈A

t∗a(x
∗
a + x̃∗a) (13a)

s.t. 0 ≤ qw ≤ Qw, ∀w ∈ W , (13b)
x∗, x̃∗ ∈ S(q), (13c)

where S(q) is the solution set of the lower-level problem.

[Lower-level problem] Let z = [x, x̃] and F(z) = [t(z), t(z)+ p̃]. Solving z∗ such that

⟨F(z∗),z− z∗⟩ ≥ 0, ∀z ∈ Γ(q), (14a)

where the feasible set Γ(q) is defined on the following constraints:

x ∈ Ω(q), x̃ ∈ Ω̃(Q−q), (14b)

∑
a∈A MoD-r

ta(xa,m + x̃a,m)≤ Km −V m, ∀m ∈ M MoD, (14c)

xa + x̃a ≤ Ka, ∀a ∈ A MT-r. (14d)

Proof. Due to Lemma 1, the MT capacity constraints (10i) can be equivalently substituted by
constraint (14d). The non-MaaS demand flow q̃ can be dropped by rewriting Eqs. (10b) and (10h)
into Constraints (13b), (14b). Then, the MoD capacity constraints (10c) and (10d) can be combined
into Constraint (14c). Lastly, the complementarity constraints (10e)-(10f) are substituted by S(q),
which corresponds to the set of solutions to the equivalent VI problem (14a). This completes the
proof.

To further simplify the lower-level problem (14a), we define xr
a = ∑w:(r,·) xw

a as the MaaS
link flow originated from node r ∈ N O and x̃r

a in the same way. Then, let A = (Ar)r∈N O be

N O stacking node-link incidence matrices, where Ar
i,a =


−1, a = (i, ·)
1, a = (·, i)
0, otherwise

, and define vector b
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with each element br
i =


∑w:(r,·)−qw, i = r
qw, i = s,w : (r,s)
0 otherwise

and b̃ is define in the same way with q̃.

Accordingly, Ω(q) can be rewritten as Ω(q) = {x|Ax = b,x ≥ 0} and similarly for Ω̃(Q−q).

Proposition 2 (Existence of optimal MaaS assignment). Suppose the MoD capacities Km,∀m ∈
M MoD are sufficient and the MT capacities Ka,∀a ∈ A MT-r are reasonably large such that Γ(Q)
is nonempty, i.e., there exists a feasible link flow pattern x when MaaS captures all demand in the
system. Then, there always exists a solution (q∗,x∗) to the assignment problem (13)-(14).

Proof. When the MoD capacities are sufficient, Constraint (14c) always holds and thus can be
dropped safely. For any MaaS demand q, it is easy to show Ω(q) and Ω̃(Q− q) are nonempty,
convex, and compact. To further show Γ(q) is indeed nonempty, convex, and compact, we recall
that Γ(Q) is non-empty due to the MT capacity assumption. Therefore, starting from a feasible
solution in x0 ∈ Γ(Q), for any MaaS demand q, we can construct a feasible link flow pattern (x, x̃)
such that x ∈ Ω(q), x̃ ∈ Ω(q̃) and xa + x̃a = x0,a,∀a ∈ A MT-r. Since Ω̃ is defined on a larger set of
links that include A Drv, we have Ω(q̃) ⊆ Ω̃(q̃) for any non-MaaS demand q̃. It thus ensures that
x̃ ∈ Ω̃(Q−q). Accordingly, we conclude Γ(q) is nonempty, convex, and compact for any q.

Since the half-space defined by Constraint (14d) is defined on the total link flow, it is affected
by total demand Q but not q. On the other hand, Ω(q) and Ω̃(Q−q) change continuously with q.
Therefore, Γ(q) is a continuous point-to-set map of q.

We then prove the existence of optimal assignment by evoking Corollary 3 in Harker and
Pang (1988). Besides the property of Γ(q) stated above, it requires three more conditions: 1) the
upper-level objective function is continuous in both q and x∗; 2) the lower-level cost function F(z)
is continuous; and 3) the feasible set of q is nonempty and compact. All of them are trivially
satisfied and thus the proof is complete.

We note that the assumptions in Proposition 2 are reasonable. First, one primary goal of
introducing MaaS is to increase public transport ridership. Hence, both MoD and MT should have
sufficient capacity to serve demand switching from private driving. Besides, as the total demand
is fixed, the link flow is bounded, i.e., xa ≤ ∑w Qw,∀a ∈ A MoD-r. Therefore, one sufficiently large
fleet size can be set as Km = ∑a∈A MoD-rj

ta(∑w Qw)∑w Qw +V m.

4.2.2 Solution algorithm

In this study, we adopt a gradient-based algorithm to solve the assignment problem (13)-(14). Let
L (q) denote the objective function (13a), then the gradient is given by

∇L (q) = ∑
a∈A

[
(x∗a + x̃∗a)

∂ t∗a
∂xa

+ t∗a

]
∇qx∗a + ∑

a∈A

[
(x∗a + x̃∗a)

∂ t∗a
∂ x̃a

+ t∗a

]
∇qx̃∗a

= ∑
a∈A

[
(x∗a + x̃∗a)(t

∗
a)

′+ t∗a
]
(∇qx∗a +∇qx̃∗a) (15)

where ∇qx∗a and ∇qx̃∗a are the gradients of x∗a and x̃∗a with respect to q, respectively, also known
as the equilibrium sensitivities (Tobin and Friesz, 1988; Patriksson, 2004). The second equality is
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due to the fact that all link travel times can be seen as a function of total link flow xa + x̃a and thus
∂ ta/∂xa = ∂ ta/∂ x̃a = t ′a.

To evaluate the gradient Eq. (15), we first consider a relaxed lower-level problem

⟨F̂(z∗),z− z∗⟩ ≥ 0, ∀z ∈ Φ(q). (16)

Here, the feasible set Φ(q)= {z|Λz= d,z≥ 0}, where Λ= [A,A] and d = [b, b̃], only contains affine
function and non-negative constraint. The MT capacity constraint (14d) is relaxed and added to
the cost function

t̂a = ta +[µa +ρ(xa + x̃a −Ka)]+, ∀a ∈ A MT-r, (17)

where µa is the Lagrangian multiplier and ρ is a positive penalty factor. They can be seen as con-
stants for a single lower-level problem, though they are updated iteratively in the main loop. The
augmented link cost (17) is motivated by the augmented Lagrangian method also used (Nie et al.,
2004; Kanzow, 2016) to tackle the side constraints in traffic assignment problems. Accordingly,
we have F̂(z) = [t̂(z), t̂(z)+ p̃]. The MoD capacity constraint (14c), on the other hand, is natu-
rally satisfied because a violation of such constraint would lead to an infinite access time. In other
words, the demand flow for MoD service would not keep growing because the decreasing vacant
vehicle time Vm deteriorates the service quality and makes the service less attractive to travelers.

It is a well known result (e.g., Facchinei and Pang, 2003) that the VI problem (16) is equivalent
to a fixed point

z∗ = ΠΦ(q)(z− γF̂(z∗)), (18)

for any step size γ > 0, where Π is the projection operator. Hence, we may solve the lower-
level traffic equilibrium through fixed-point iterations and differentiate the result through backward
propagation (Li et al., 2022; Liu et al., 2023). Since the fixed-point iteration is explicit, it yields a
consistent solution for any given starting value z(k+1). Correspondingly, the Jacobian Jq(z(k+1)) is
well-defined. Yet, evaluating and differentiating the projection operation ΠΦ(q) is still challenging.
To tackle this issue, we apply the operator splitting method following Davis and Yin (2017). Let
Φ1 = {z|z ≥ 0} and Φ2 = {z|Λz = d}, then the projections onto Φ1 and Φ2 have the following
closed-form solutions:

ΠΦ1(z) = [z]+, (19)

ΠΦ2(z) = z−UΣ
−1V⊤(Λz−d), (20)

where UΣV is the compact singular value decomposition of the adjacency matrix Λ.

Accordingly, we solve Eq.(16) through the following fixed-point iterations with auxiliary vari-
ables u and v:

z(n+1) = ΠΦ1(u
(n)), (21a)

v(n+1) = ΠΦ2

(
2z(n+1)−u(n)− γF̂(z(n+1))

)
, (21b)

u(n+1) = u(n)+
(

v(n+1)− z(n+1)
)

(21c)

The convergence of the fixed-point iterations is proved in the following proposition:
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Proposition 3 (Convergence of fixed-point iterations with operator splitting). The fixed-point it-
erations (21) converge linearly to the solution to the relaxed VI problem (16) with a step size
γ ∈ (0,2/(L+ρ)), where L is the Lipschitz constant of link travel time function t(·).
Proof. We first note that t(·) must be Lipschitz continuous because link flows are bounded by
the fixed travel demand. Correspondingly, the Lipschitz constant of F̂ is L+ρ , with ρ being the
augmented Lagrangian penalty. Furthermore, F̂(z) is maximal monotone as it is monotone and
continuous with z (Auslender and Teboulle, 2003). The remaining proof can be found in Davis and
Yin (2017).

Algorithm 1 Solution algorithm for MaaS assignment problem

Parameter: step size α,γ , momentum parameter β , initial penalty factor ρ , penalty scaler φ ,
penalty threshold parameter σ , gap thresholds εq,εz
Input: initial MaaS demand q0, initial link flows x0, x̃0, maximum iteration for lower-level
problem N
Initialization: q(0) = q0, z∗(0) = (x0, x̃0), ω(0) = 0, µ(0) = 0, ρ(0) = ρ

for k = 0,1,2, . . . do
Run N fixed-point iterations (21) with u(0) = z(k).
Set z(k+1) = ΠΦ1(u

(N)) = [x(k+1), x̃(k+1)].
Compute Jacobian matrix Jq(z(k+1)). Accordingly, ∇qx(k+1)

a is the sum over rows in
Jq(z(k+1)) that corresponds to MaaS link flow xr

a,∀r ∈ N O, and ∇qx(k+1)
a is obtained in the

same way.
Compute gradient ∇L (q(k)) by Eq. (15).
Update MaaS demand

ω
(k+1) = βω

(k)−α∇L (q(k)) (22)

q(k+1) = min
{

Q,
[
q(k)−α∇L (q(k))+βω

(k+1)
]
+

}
(23)

Update Lagrangian multipliers: ∀a ∈ A MT-r,

µ
(k+1)
a =

[
µ
(k)
a +ρ

(k)
(

x(k+1)
a + x̃(k+1)

a −Ka

)]
+

(24a)

ρ
(k+1) =

{
φ +ρ(k), |x(k+1)

a + x̃(k+1)
a −Ka| ≥ σ |x(k)a + x̃(k)a −Ka|

ρ(k), otherwise
(24b)

Compute gaps

g(k+1)
q =

||q(k+1)−q(k)||
||q(k)||

, g(k+1)
z =

||z(k+1)− z(k)||
||z(k)||

(25)

if g(k+1)
q < εq, g(k+1)

z < εz, and capacity constraints are satisfied then
break

end if
Update N

end for
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Algorithm 1 summarizes the solution algorithm for the MaaS assignment problem. In brief,
in each iteration, we first solve the approximate traffic equilibrium given the current MaaS demand
and compute its Jacobian matrix. Then, we update the MaaS demand as per Nesterov accelerated
gradient descent (Sutskever et al., 2013) and update the Lagrangian multipliers as suggested in
Birgin and Martı́nez (2014). The iterations terminate when both demand gap gq and flow gap gz
are below the preset thresholds.

Note that Proposition 3 only guarantees convergence of the fixed point iteration (21) but not
Algorithm 1. Yet, in all numerical experiments conducted in this study, Algorithm 1 manages to
converge with a tight bound (i.e., εq = εz = 1× 10−7). Besides, the multiplier update rule in Al-
gorithm 1 corresponds to the inexact augmented Lagrangian method, which solves approximately
the bi-level program (13)-(14) (Kanzow and Steck, 2016). Further, if the multipliers are solved
exactly, Algorithm 1 converges to a local optimal solution to the bi-level program, or equivalently
the assignment problem (10) (Nocedal and Wright, 2006).

4.3 Pricing problem

The pricing problem presented in this section aims to determine the capacity purchase price, de-
noted by ps

a, ∀a ∈ A MT∪A MoD, and the trip fare between each OD pair, denoted by pd
w, w ∈ W ,

such that the matching, or equivalently the flow assignment, solved in Section 4.2 satisfies the
stable condition. From the viewpoint of stable matching, the optimal flow assignment corresponds
to the maximum total payoff, while the remaining task is to allocate this total payoff such that it
is acceptable by the MaaS stakeholders. To this end, we first derive the stability condition in Sec-
tion 4.3.1 and then present the optimal pricing problem in Section 4.3.2. As per classic results of
many-to-many stable matching, the pricing problem is reduced to a linear program whose feasible
set is described by the stability condition. Yet, the stability condition is rather difficult to obtain in
this study due to the complex assignment. These issues are discussed in detail below, along with
the proposed solution approaches.

4.3.1 Stability condition

In the MaaS setting, we consider a MaaS matching to be stable if no travelers and operators strictly
prefer another path than their currently matched MaaS paths. Specifically, a path is assumed strictly
preferable if it has a higher payoff. Formally, let uw,l denote the payoff of travelers taking path l
between OD pair w, vm,l be the corresponding payoff of the operator m, and P∗

w denote the set of
paths taken by MaaS travelers under the optimal assignment solved in Section 4.2 Then, the MaaS
stability is defined as follows:

Definition 1 (MaaS stability). A feasible MaaS outcome (u,v,x) is stable if:

1. there is no MaaS path, lb ∈ Pw,∀w ∈ W , such that:

uw,l < uw,lb and vm,l′ < vm,lb, ∀l, l′ ∈ P∗
w,m ∈ M (26a)

2. there is no non-MaaS path, lb ∈ Pw,∀w ∈ W , such that:

uw,l < ũw,lb and vm,l′ < ṽm,lb, ∀l, l′ ∈ P∗
w,m ∈ M (26b)
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A path that satisfies any of the two conditions in Definition 1 is named a blocking path that blocks
the outcome (u,v,x) from being stable. This definition is the same as the blocking pair widely
used in the literature of stable matching (Wang et al., 2018). To be precise, the stability criteria
(26) corresponds to the weak stability in Irving (1994). Furthermore, the MaaS stability given by
Definition 1 is equivalent to the following stability definition, which is adapted from Sotomayor
(1992):

Definition 2 (Equivalent MaaS stability). A feasible MaaS outcome (u,v,x) is stable, if, for ei-
ther travelers between w or operator m, all matched MaaS paths l∗ ∈ P∗

w (∀w ∈ W ) satisfy the
following two conditions:

1. l∗ is preferable or indifferent to any MaaS path, i.e.,

uw,l∗ ≥ uw,l or vm,l∗ ≥ vm,l, ∀l ∈ Pw,m ∈ M (27a)

2. l∗ is preferable or indifferent to any non-MaaS path, i.e.,

uw,l∗ ≥ ũw,l or vm,l∗ ≥ ṽm,l, ∀l ∈ Pw,m ∈ M (27b)

From Definition 2, we further derive the following sufficient conditions for MaaS stability:

Proposition 4 (Stability conditions). For a given optimal assignment x∗, a MaaS outcome (u,v,x∗)
is stable if the following conditions are satisfied:

uw,l + ∑
m∈M

vm,l ≥ uw,l′ + ∑
m∈M

vm,l′, ∀l ∈ P∗
w, l′ ∈ Pw \P∗

w, w ∈ W , (28)

uw,l + ∑
m∈M

vm,l ≥ ũw,l′ + ∑
m∈M

ṽm,l′, ∀l ∈ P∗
w, l′ ∈ Pw, w ∈ W (29)

uw,l = uw,l′, ∀l, l′ ∈ P∗
w, w ∈ W . (30)

Proof. See Appendix C.

Eq. (28) states that all MaaS trips on matched MaaS paths yield higher total payoffs than MaaS
trips on non-matched MaaS paths. In other words, travelers and operators have no incentives to
still remain in the MaaS system but match on a path that is not used by any other MaaS travelers.
On the other hand, Eq. (29) requires all matched MaaS paths to have higher total payoff than all
non-MaaS paths. Hence, travelers and operators have no incentive to leave the MaaS system. In
addition, Eq. (30) requires all matched MaaS paths to have the same payoff for the MaaS travelers,
such that they do not deviate from their matched MaaS path to another active MaaS path.

Let Uw be the utility value of trips between OD pair w ∈ W . With a mild ablation of notation,
we define µ∗

a as the dual variable associated with each link at the optimal assignment. Except for
the capacitated MT regular links, the value is always zero. And for MT regular links, µ∗

a can be
obtained approximately as the value of µ

(k)
a in Algorithm 1 at convergence.

Then, the net utility for MaaS and non-MaaS travelers choosing l ∈ Pw are given by

uw,l =Uw −∑
a∈l

(t∗a +µ
∗
a )− pd

w, (31)
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ũw,l =Uw −∑
a∈l

(t∗a + p̃a +µ
∗
a ). (32)

Recall that the total service capacity is assumed to be fixed and exogenous. Hence, it is
sufficient to use the revenue to define the operator’s payoff. For each operator m∈M , the marginal
revenue generated on each path l is given by

vm,l = ∑
a∈l∩A m

ps
a, (33)

ṽm,l = ∑
a∈l∩A m

p̃a. (34)

Proposition 5 gives the simplified stability condition based on the optimal assignment derived
in Section 4.2, while a supporting lemma is first presented below.

Lemma 2 (Generalized cost at optimal MaaS assignment). Under the optimal MaaS assignment,
all active MaaS paths l ∈ P∗

w have the same generalized cost π∗
w:

π
∗
w = ∑

a∈l
(t∗a +µ

∗
a ),∀l ∈ P∗

w,w ∈ W . (35)

Proof. See Appendix D.

Proposition 5 (Reduced stability conditions for MaaS pricing). Suppose the capacity price is set
to be ps

a = psλa, where λa > 0 is an exogenous attribute of link a. Then, the stability condition can
be reduced as follows:

1. The first condition (28) is naturally satisfied if ps
a ≥ 0,∀a ∈ A MT∪A MoD.

2. The second condition (29) is equivalent to

pd
w ≤ min

l′∈Pw

{
∑
a∈l′

(t∗a +µ
∗
a )+ ∑

a∈l′∩A tr

P0

}
−π

∗
w + ps min

l∈P∗
w

{
∑
a∈l

λa

}
, (36)

3. The third condition (30) is naturally satisfied under optimal assignment Eq. (10).

Proof of statement 1. First, note that the capacity purchase price is zero for links without MaaS
flows, i.e., ps

a = 0 if x∗a = 0. Plugging Eqs. (31) and (33) into Eq. (28), we have ∀l ∈ P∗
w, l′ ∈

Pw \P∗
w, w ∈ W ,(

Uw −∑
a∈l

(t∗a +µ
∗
a )− pd

w

)
+

(
∑

m∈M
∑

a∈l∩A m
ps

a

)
≥Uw − ∑

a∈l′
(t∗a +µ

∗
a )− pd

w

⇒ −∑
a∈l

t∗a +∑
a∈l

(ps
a −µ

∗
a )≥− ∑

a∈l′
t∗a − ∑

a∈l′
µ
∗
a (37)

⇒ ∑
a∈l

ps
a ≥ ∑

a∈l
(t∗a +µ

∗
a )− ∑

a∈l′
(t∗a +µ

∗
a ). (38)
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As per Lemma 2, we have

π
∗
w = ∑

a∈l
(t∗a +µ

∗
a )≤ ∑

a∈l′
(t∗a +µ

∗
a ), ∀l ∈ P∗

w, l′ ∈ Pw \P∗
w, w ∈ W , (39)

where π∗
w is the minimum travel time between OD pair w under the optimal assignment.

Therefore, the stability condition (28) holds as long as

∑
a∈l

ps
a ≥ π

∗
w − min

l′∈Pw \P∗
w

{
∑
a∈l′

(t∗a +µ
∗
a )

}
, ∀w ∈ W (40)

which is naturally satisfied with the feasible capacity price ps
a ≥ 0,∀a ∈ A MT∪A MoD.

Proof of statement 2. Similar to the proof of statement 1, we first plug Eqs. (32) and (34) into
Eq. (29) to expand the condition as(

Uw −∑
a∈l

(t∗a +µ
∗
a )− pd

w

)
+

(
∑

m∈M
∑

a∈l∩A m
ps

a

)
(41)

≥

(
Uw − ∑

a∈l′
(t∗a +µ

∗
a + p̃a)

)
+

(
∑

m∈M
∑

a∈l′∩A m
p̃a

)
⇒ −∑

a∈l
(t∗a +µ

∗
a − ps

a)− pd
w ≥− ∑

a∈l′
(t∗a +µ

∗
a )− ∑

a∈l′∩A tr

P0 (42)

⇒ pd
w ≤ ∑

a∈l′
(t∗a +µ

∗
a )+ ∑

a∈l′∩A tr

P0 −∑
a∈l

(t∗a +µ
∗
a − ps

a). (43)

To further simplify the condition, we replace π∗
w = ∑a∈l(t∗a + µ∗

a ) as per Lemma 2 and rewrite
ps

a = psλa as per the proposed pricing scheme. Since the inequality holds for any l ∈ P∗
w and

l′ ∈ Pw, it is thus equivalent to

pd
w ≤ min

l′∈Pw

{
∑
a∈l′

(t∗a +µ
∗
a )+ ∑

a∈l′∩A tr

P0

}
−π

∗
w + ps min

l∈P∗
w

{
∑
a∈l

λa

}
. (44)

Proof of statement 3. Again, as per Lemma 2, the generalized costs for the active MaaS paths
(l ∈ P∗

w,w ∈ W ) are equal. Hence, by the definition of MaaS traveler’s net utilities (31), we have:

uw,l =Uw −π
∗
w − pd

w = uw,l′,∀l, l′ ∈ P∗
w,w ∈ W (45)

We first note that the capacity pricing scheme proposed in Proposition 5 effectively avoids
the challenge of enumerating the path set under optimal MaaS assignment P∗

w and thus makes
the solution approach scalable. Furthermore, we observe that the equilibrium constraint (10e)
already guarantees MaaS travelers do not strictly prefer any inactive path within MaaS system
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under optimal assignment. Consequently, Eq. (28) turns out to be a sufficient condition for stability,
as shown in the proof for statement 1. Indeed, Eq. (28) becomes a constraint to ensure operators
need not pay to participate in the MaaS system.

The stability condition can be further simplified if the following sufficient condition is satis-
fied.

Corollary 1 (Sufficient stability condition). If ps ≥ 0 and pd
w ≤Uw−π∗

w,∀w ∈W, then a sufficient
stability condition reads

τ
∗
w,min = min

l′∈Pw

{
∑
a∈l′

(t∗a +µ
∗
a )+ ∑

a∈l′∩A tr

P0

}
≥Uw, ∀w ∈ W . (46)

Proof. If τ∗w,min ≥Uw, we have:

pd
w ≤Uw −π

∗
w ≤ τ

∗
w,min −π

∗
w ≤ τ

∗
w,min −π

∗
w + ps

λ
∗
min,

where λ ∗
w,min = minl∈P∗

w
{∑a∈l λa}. Hence, the stability condition (36) is satisfied.

4.3.2 Optimal pricing

Now we are ready to present the optimal pricing problem as follows:

max
pd ,ps

∑
w∈W

pd
wq∗w − ∑

a∈A r

ps
ax∗a, (48a)

s.t. uw,l ≥ 0, ∀l ∈ P∗
w,w ∈ W , (48b)

∑
a∈A m

MT-r

(ps
ax∗a + p̃ax̃∗a)≥ Bm, ∀m ∈ M MT, (48c)

∑
a∈A m

MoD-r

(ps
ax∗a + p̃ax̃∗a)≥ Bm, ∀m ∈ M MoD, (48d)

Stability condition (28) and (29). (48e)

Constraint (48b) requires that all MaaS trips yield a non-negative payoff and it is equivalent to

pd
w ≤Uw −∑

a∈l
(t∗a +µ

∗
a ) =Uw −π

∗
w. (49)

Constraints (48c) and (48d) state the total revenue of each operator m must be no less than Bm,
which can be specified as the operator’s revenue prior to the introduction of MaaS platform. Fur-
ther, the stability conditions (28)-(29) impose constraints on MaaS platform’s pricing decisions to
ensure they are accepted by all travelers and operators the platform wishes to gather in the MaaS
system. Therefore, even though both the prices and capacity purchase are determined by the MaaS
platform, it does not have market power because travelers and operators are still free to choose
whether to accept the platform’s proposal.

Due to the proposed capacity purchase pricing scheme and Proposition 5, the pricing problem
can be simplified as

max
pd ,ps

∑
w

pd
wq∗w − ps

∑
a∈A r

λax∗a, (50a)
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s.t. pd
w ≤Uw −π

∗
w, ∀w ∈ W , (50b)

pd
w ≤ τ

∗
w,min −π

∗
w + ps

λ
∗
w,min, ∀w ∈ W , (50c)

∑
a∈A m

MT-r

(ps
λax∗a + p̃ax̃∗a)≥ Bm, ∀m ∈ M MT, (50d)

∑
a∈A m

MoD-r

(ps
λax∗a + p̃ax̃∗a)≥ Bm, ∀m ∈ M MoD, (50e)

ps ≥ 0, (50f)

where τ∗w,min = minl′∈Pw

{
∑a∈l′(t∗a +µ∗

a )+∑a∈l′∩A tr P0
}

and λ ∗
w,min = minl∈P∗

w
{∑a∈l λa} are

readily computed from the optimal assignment results.

Consequently, problem (50) reduces to a simple linear program and can be solved via any
commercial solver. Moreover, the proposed pricing problem guarantees the existence of a stable
outcome and often a finite unique optimal pricing scheme given each optimal assignment. These
results are formally presented below.

Proposition 6 (Existence of stable outcome and finite optimal pricing). The stable outcome space
of the MaaS many-to-many matching problem is nonempty. Further, given an optimal assignment
(q∗,x∗), the pricing problem (50) has at least one finite optimal solution.

Proof. We first prove the stable outcome space is nonempty. Recall that Proposition 2 proves
the existence of optimal assignment. Hence, the remaining task is to prove, given an optimal
assignment (q∗,x∗), the pricing problem (50) is feasible, i.e., there exists a pricing scheme p that
satisfies Constraints (50b)-(50f). This is trivial because an infinite solution pd

w =−∞,∀w ∈ W and
ps = ∞ is feasible.

Since the pricing problem is feasible, it always has optimal solutions. We next show the
optimal solution is not taken at infinity. Note that the feasible set of (50) is closed. As per the
property of linear programs, the optimal solution is always obtained at the boundary of the feasible
set. Now consider a boundary solution such that Constraint (50b) is binding. Then, we have

pd
w =Uw −π

∗
w, ∀w ∈ W . (51)

Accordingly, Constraint (50c) reduces to

ps ≥
Uw − τ∗w,min

λ ∗
w,min

, ∀w ∈ W . (52)

Further combined with Constraints (50d)-(50f) yields

ps ≥ max

{
0,max

w

Uw − τ∗w,min

λ ∗
w,min

, max
m∈M

Bm −∑a∈A m
r

p̃ax̃∗a
∑a∈A m

r
λax∗a

}
(53)

Clearly, the objective value under the solution pd
w as per Eq. (51) and ps as the lower bound of

Eq. (53) is higher than that under the infinite solution. Hence, the optimal solution must be finite.
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Corollary 2 (Uniqueness of optimal pricing). Given a positive optimal assignment (q∗,x∗)
(∑w q∗w > 0), there exists a unique optimal pricing ps∗ and pd∗

w , ∀w ∈ W s.t. q∗w > 0 under the
following conditions:

1. There exists w ∈ W such that q∗wλ ∗
w,min ̸=

1
|W | ∑a∈A λax∗a;

2. There exists w,w′ ∈ W such that
Uw−τ∗w,min

λ ∗
w,min

̸=
Uw′−τ∗w′,min

λ ∗
w′,min

.

Proof. To prove the solution uniqueness, we introduce an auxiliary price ps
w and rewrite the pricing

problem as follows:

max
pd ,ps

∑
w

(
pd

wq∗w − ps
w

|W | ∑
a∈A r

λax∗a

)
, (54a)

s.t. ps
w = ps

w′, ∀w,w′ ∈ W , (54b)

pd
w ≤Uw −π

∗
w, ∀w ∈ W , (54c)

pd
w ≤ τ

∗
w,min −π

∗
w + ps

wλ
∗
w,min, ∀w ∈ W , (54d)

∑
a∈A m

r

(ps
wλax∗a + p̃ax̃∗a)≥ Bm, ∀w ∈ W ,m ∈ M , (54e)

ps
w ≥ 0. (54f)

Problem (54) can be seen as a distributed optimization problem (Yang et al., 2019), where each
OD pair solves its own price (pd

w, ps
w) and ensures a consensus constraint Eq. (54b). Specifically,

each subproblem is given by

max
pd

w,ps
w

pd
wq∗w − ps

w
|W | ∑

a∈A r

λax∗a, (55a)

s.t. pd
w ≤Uw −π

∗
w, (55b)

pd
w ≤ τ

∗
w,min −π

∗
w + ps

wλ
∗
w,min, (55c)

ps
w ≥ ps = max

{
0, max

m∈M

Bm −∑a∈A m
r

p̃ax̃∗a
∑a∈A m

r
λax∗a

}
. (55d)

A graphical illustration of subproblem (55) is presented in Figure 3. Based on the location of
Constraint (55c), we end up with different scenarios of optimal solutions. For Cases 1 and 2 in
Figure 3, there exists only one extreme point

• I1: pd
w =Uw −π∗

w and ps
w = ps.

It is thus the unique optimal solution under the condition q∗w ̸= 0 and ∑a∈A r λax∗a ̸= 0. The latter
naturally holds when the total MaaS demand is positive (∑w q∗w > 0).

In Case 3, there are two extreme points:

• I2: pd
w =Uw −π∗

w and ps
w =

Uw−τ∗w,min
λ ∗

w,min
;
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Figure 3: Graphical illustration of subproblem w.

• I3: pd
w = τ∗w,min −π∗

w + psλ ∗
w,min and ps

w = ps.

Clearly, ps
w in I2 is unlikely to satisfy the consensus because it is determined by some OD-specific

variables. Formally, if there exist w,w′ ∈ W such that
Uw−τ∗w,min

λ ∗
w,min

̸=
Uw′−τ∗w′,min

λ ∗
w′,min

, then ps∗ cannot be

reached at a I2-type extreme point. This gives the second condition in Corollary 2.

In contrast, ps
w in I3 does not vary among OD pairs. To ensure it is the unique optimal solution

for the subproblem, we must have q∗w ̸= 0 and Constraint (55c) is not parallel with the objective
function (see Figure 3). The latter is equivalent to the condition q∗wλ ∗

w,min ̸=
1

|W | ∑a∈A r λax∗a. Note
that we only need this condition to hold for at least one OD pair (one subproblem has unique
optimal ps

w = ps), which gives the first condition in Corollary 2.

5 Numerical experiments

5.1 Experiment setup

In this section, we conduct numerical experiments on a multi-modal mobility network extended
from the Sioux Falls network. As illustrated in Figure 4, we add bidirectional metro lines and bus
lines on top of the existing road network. In all experiments, we consider a single MoD platform
providing e-hailing services. This introduces another copy of the road network, along with the
access links. although the travel time on each link in the MoD subnetwork is jointly determined
by the total flow that includes private vehicles. The subnetworks are then connected with each
other through transfer links. The resulting network has 199 nodes and 456 links, compared to 24
nodes and 76 links in the original one. The number of OD pairs also doubles (1056 pairs) as we
consider both MaaS and non-MaaS travelers. The link parameters and other exogenous variables
are summarized in Appendix E. Note that we do not specify the value of time in the model and
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thus all fare costs are measured in equivalent travel time.

Metro
Bus

Figure 4: Multi-modal mobility network for Sioux Falls.

Figure 5 presents the multi-modal connections at node 4. To distinguish different types of
traffic flows, we create nine copies of the node. Four of them refer to the origin and destination of
MaaS and non-MaaS trips, respectively. They are connected to the transfer node through dummy
links, and the transfer node is then connected to the MT and MoD subnetworks by access and
egress links. Since non-MaaS travelers may choose to drive, the non-MaaS origin and destination
nodes are also connected to node 4 in the road network. To simplify the network, we further merge
transfer links with access links. This is equivalent to adding the transfer time on each access link
meanwhile subtracting it on the dummy link from each MaaS origin node to the corresponding
transfer node. The additional planning cost P0 in non-MaaS trips is handled in a similar way.

In Proposition 5, we introduce the capacity pricing scheme ps
a = psλa, where λa denotes some

exogenous attribute of a regular link a. In the experiments, we set it as follows:

λa =


p̃a, a ∈ A MoD-r

η p̃a, a ∈ A MT-r

0.5ta, a ∈ A MT-a

0, otherwise

. (56)
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Figure 5: Example of multi-modal network connections.

Recall that p̃a is the non-MaaS trip fare on link a. Eq. (56) indicates that the MaaS platform
can purchase capacity at a wholesale price and the discount is given by 1− ps. Considering the
platform may have different negotiation power with MT and MoD operators, we further introduce
η as an exogenous MT capacity price factor. Lastly, we assume the MaaS also compensates for
half of the operation cost in the MoD pickup process. Here, ta is considered exogenous because it
is the output of the assignment problem.

All the numerical experiments are performed on an HPC cluster with a V100-32GB GPU.
The MaaS assignment problem is initialized from the base scenario without the MaaS platform
(i.e., q0 = 0,x0 = 0, and x̃0 as the corresponding equilibrium flows), such that the setting mimics
the process of introducing MaaS into an existing transportation system. With this in consideration,
we also set the trip utility Uw equal to the equilibrium cost in the base scenario, i.e., travelers get
zero net utility when there is no MaaS. The total runtime for the MaaS assignment problem is 3.68
hours, and the convergence results are shown in Figures 10 and 11 in Appendix F.

5.2 System performance and modal split

We first illustrate the potential of MaaS in improving transportation system performance, as well as
the resulting modal splits, by comparing it to the base scenario without the MaaS platform. These
results correspond to the solution of the proposed assignment problem.

Table 1 first reports the split between MaaS and non-MaaS trips. Under the optimal assign-
ment, 55.81% of travelers would choose MaaS. Most of them use to take public transport and plan
their multi-modal trips on their own, though there is also a considerable amount of demand that
switch from driving. This demonstrates the potential of MaaS for substituting private driving with
public transport by reducing the inconvenience of trip planning and fare payment. Accordingly,
the share of demand for public transport increases from 61.40% to 74.38%.

Although the assignment results do not produce the path flow, we could use the traffic flows
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traversing the transfer node to compute the aggregate mode transfer. As shown in Table 1, before
the launch of MaaS, the average number of mode transfers in the multi-modal mobility network is
0.16. If each trip has at most one transfer, which is a reasonable assumption given the additional
transfer time and planning cost, it implies 16% of the trips are multi-modal. The value increases to
0.18 after MaaS is introduced, and the result suggests MaaS travelers take more multi-modal trips,
compare to non-MaaS travelers. Some of these trips may already exist in the base scenario as the
mode transfer in non-MaaS trips decreases. However, the overall 8.04% growth in mode transfer
indicates MaaS indeed promotes multi-modal travel.

Table 1: Assignment results

Without platform With platform

Travel demand
Non-MaaS 100% 44.19%

- MT & MoD 61.40% 18.57% (-42.83%)
- Private driving 38.60% 25.62% (-12.98%)

MaaS - 55.81%
- MT & MoD - 55.81%

Multi-modal trips
Mode transfer per trip 0.16 0.18 (+8.04%)

- Non-MaaS 0.16 0.11 (-32.99%)
- MaaS - 0.23

Capacity utilization
MT 44.97% 48.49% (+3.52%)

- Non-MaaS 44.97% 17.38% (-27.59%)
- MaaS - 31.11%

MoD 76.17% 77.70% (+1.53%)
- Non-MaaS 76.17% 11.06% (-65.11%)
- MaaS - 66.64%

Social cost
Travel time per trip (min) 19.02 16.71 (-12.15%)
Social cost per trip 22.83 20.53 (-10.07%)

As expected, MaaS encourages ridership of MT and MoD. As reported in Table 1, the increase
in capacity utilization rate is more significant for MT (3.52%) compared to MoD (1.53%), which
is contributed by MaaS travelers (contrasting to reduction of 27.59% and 65.11% in non-MaaS
MT and MoD ridership). This implies the MaaS platform tends to assign more traffic flows on the
non-congestible MT network. Consequently, the average travel time in the whole system reduces
by 12.15%, and the social cost per trip, i.e., average travel time plus the operation cost equally
apportioned to each trip, reduces by 10.07%.

To better understand how MaaS helps reduce road traffic, we identify pairs of nodes that
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are connected by both road and transit links (e.g., (3, 4)) and then divide them into two groups
based on the volume-over-capacity (VOC) of road links in the scenario without MaaS. The links
with VOC ≥ 1 are referred to as “congested” links while those with VOC < 1 are named “non-
congested”. Table 2 compares the total flows, average and maximum VOC of these two groups of
links in the scenarios with and without MaaS (for MT links, the VOC is equivalent to the capacity
utilization rate). It can be seen that MaaS brings a more significant reduction in vehicular traffic on
congested links (6.50%) than non-congested links (1.79%). Accordingly, the average VOC drops
by almost 45% to 0.76, which implies these links are no longer congested after MaaS is launched.
Meanwhile, the average VOC also reduces by 31% for non-congested links. The reduced road
traffic flows are distributed to the MT network. Since MaaS also relocates other demand flows to
MT, the total increase in MT flows is larger than the total decrease in car flows.

Table 2: Traffic flows on the overlapping road and MT links.

Type of link Without platform With platform
Car MT Car MT

Congested total flow 202,951.11 249,110.41 189,754.06 269,798.38
(-6.50%) (+8.30%)

avg. VOC 1.38 0.52 0.76 0.56
(-44.93%) (+7.69%)

max VOC 1.86 1.00 1.37 1.00
(-26.34%) (0.00%)

Non-congested total flow 117,438.83 88,130.55 115,331.03 93,856.80
(-1.79%) (+6.50%)

avg. VOC 0.84 0.33 0.58 0.35
(-30.95%) (+6.06%)

max VOC 0.98 0.75 0.91 0.71
(-7.14%) (-5.33%)

5.3 Welfare of individual travelers

We show in this subsection the impact of launching MaaS on traveler welfare by solving the opti-
mal pricing problem at η = 0.87 (corresponding to the maximum MaaS platform profit, discussed
in the next subsection). These optimal pricing results are obtained for the given optimal MaaS
assignment solved in the previous section. Note that, as we do not specify the feasible range of
MaaS trip fare pd , we may end up compensating some MaaS trips (i.e.,pd

w < 0).

Table 3 summarizes the main results of optimal MaaS trip fare. Recall the MaaS platform
charges travelers solely based on their origins and destinations, regardless of modes. Hence, the
statistics are computed among OD pairs. Specifically, we distinguish those with a negative value
(pd

w < 0), meaning trips between these OD pairs are actually compensated by the platform. In
Appendix G, we further investigate the compensated OD pairs. In brief, we find all of them are
short-distance, i.e., connected by one link, but lack of direct MT service. The MaaS platform tends
to serve travelers between these OD pair with MoD service because it benefits the whole system.
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The platform has to compensate these travelers otherwise they would choose driving because it is
convenient and not costly.

Table 3 also reports the ratio between trip fare and travel time, namely, the fare-to-time ratio,
of MaaS and non-MaaS trips, which can be interpreted as the trip fare per unit travel time. It can be
found that the MaaS reduces the per-minute fare and particularly, both the lower and upper bounds
drop significantly compared to non-MaaS trips.

Table 3: Optimal OD-based MaaS fare (η = 0.87)

Min Avg. Max

Optimal pd

Fare 0.01 10.11 24.63
Compensation (0.08) (1.28) (3.08)

Fare-to-time ratio
MaaS∗ 0.01 0.30 0.44
Non-MaaS 0.13 0.37 0.60

* Only positive trip fares are considered.

Figure 6: Traveler cost saving (compared to without MaaS platform)

In Figures 6, we compare the total travel cost (the sum of travel time plus trip fare) of MaaS
and non-MaaS travelers to the scenario without MaaS by OD pairs. Since we set the trip utility
equal to the total travel cost in the base scenario, all MaaS travelers enjoy a non-negative cost
saving due to Constraint (50b), though the saving between most OD pairs is limited. This is
expected as the MaaS platform aims to maximize its profit when designing the pricing scheme. In
contrast, compared to the scenario without MaaS, some non-MaaS travelers suffer from a larger
total travel cost.

27



Figure 7: MaaS traveler cost saving (compared to Non-MaaS traveler)

Figure 7 further compares the total travel cost between MaaS and non-MaaS travelers by OD
pairs. Interestingly, MaaS travelers do not always enjoy a lower cost than non-MaaS travelers
between the same OD pair. We note this phenomenon is due to the condition of stable matching.
Although these MaaS travelers get a lower pay-off, the corresponding operators receive a much
higher pay-off. Hence, the matching is still stable because it yields a higher total payoff than the
non-MaaS trips. We will further illustrate the MaaS stability in the last subsection.

5.4 Share of benefits among MaaS stakeholders

In this subsection, we conduct sensitivity analysis of the MT capacity price factor η on the share
of benefits among MaaS stakeholders. We first note a pricing scheme that satisfies the stability
condition is guaranteed to exist regardless the choice of η (Corollary 6). However, for the MaaS
platform, its overall profit could be negative, since we do not specify the relationship between
MaaS trip fare pd (which could be negative) and the capacity purchase price ps. This illustrates the
importance of a well-designed pricing scheme for a MaaS platform to be economically sustainable.

As illustrated in Figure 8, the MaaS platform profit is quite sensitive to the MT capacity price
factor η . Specifically, when η < 0.71 or η > 1.15, the platform would suffer from a deficit. The
maximum profit is achieved at η = 0.87 with ps = 0.76, which means the platform pays unit MoD
occupied time at a discount of 24% and unit MT capacity at a discount of 34%.

Another interesting observation in Figure 8 is that the optimal capacity price does not change
anymore as η increases beyond 0.75. We note that this is due to the stability condition properties
in this particular case study, which will be further discussed at the end of this subsection.
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Figure 8: MaaS platform profit with for different MT capacity price factor

Table 4: Comparison of MaaS stakeholder benefits under different settings

Without
platform

With platform
Traveler-optimal MaaS-optimal Operator-optimal

Value of η - 0.71 0.87 1.15

Traveler
Avg. travel cost∗ 25.53 23.98 24.28 24.40

(-6.07%) (-4.90%) (-4.40%)

MaaS platform
Profit − 0 104,616.80 0

Operator
MT revenue 638,873.65 638,873.65 700,791.19 850,412.05

(+0.00%) (+9.69%) (+33.11%)
MoD revenue 1.17×106 1.23×106 1.17×106 1.17×106

(+4.97%) (0.00%) (0.00%)
* Average travel cost weighted by OD demand.

In Table 4, we further report the system performances with η set to optimize other stake-
holders, along with the base scenario. Specifically, “traveler-optimal” aims to minimize the total
traveler cost and “operator-optimal” aims to maximize the total operator revenue, while in both
cases, η is selected to ensure a non-negative MaaS platform profit.
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Compared to the base scenario without MaaS, the average travel cost is reduced in all tested
cases. As expected, the maximum saving is achieved in the traveler-optimal scenario with η =
0.71, while the minimum one is obtained in the operator-optimal scenario with η = 1.15. In line
with the finding in Figure 8, the MaaS platform gains a much higher profit in the MaaS-optimal
scenario, while it breaks even in the other two cases. On the other hand, the MT revenue increases
significantly in the MaaS-optimal and Operator-optimal cases while the MoD revenue increases in
the Traveler-optimal case. These findings indicate that MaaS could create a win-win-win situation
in the transportation system such that all major stakeholders can benefit from it.

To better understand why MoD revenue remains the same in both the MaaS-optimal and
Operator-optimal scenarios and why the optimal capacity purchase price retains to be equal when
η > 0.84 (see Figure 8), we plot the constraints and feasible region of ps under the optimal trip fare
pd . Given that the pricing problem is a linear program, it is easy to see the MaaS platform profit is
maximized when ps stands at the lower bound of its feasible region. In both the MaaS-optimal and
Operator-optimal scenarios, the MoD revenue constraint is binding, which does not change with
the MT capacity price factor. This remains the case as η keeps increasing. When η < 0.84, the
MT revenue constraint becomes active, thus the optimal ps decreases with η .

Figure 9: Active bounds for ps (shaded area corresponds to the feasible region)

In addition, under the optimal assignment, the increases in operator revenues are captured
by the gap between the feasible region lower bound and the operator revenue constraints. In the
traveler-optimal scenario, the optimal price ps is higher than the MoD revenue constraint, which
results in a 4.97% increases in MoD revenue. In contrast, the MT revenue constraint is binding in
this scenario, as also indicated in the same revenue in Table 4. Similarly, MT revenue is higher
(+33.11% vs +9.69%) in the Operator-optimal scenario compared to the MaaS-optimal scenario,
which is illustrated in Figure 9 with larger gap between the the feasible region lower bound and
MT revenue constraint.
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The more restrictive MoD revenue constraint is due to the optimal assignment outcomes. As
shown in Table 1, the reduction in non-MaaS MoD trip flows (-65.11%) is more significant than
non-MaaS MT trip flows (-27.59%). Therefore, the MoD operator requires a large payoff from the
MaaS platform to guarantee its revenue, which leads to a higher bound on ps.

5.5 Stability in MaaS system

We observed in Figure 7 that some MaaS travelers have higher cost than non-MaaS travelers, which
is due to the stable matching. In this subsection, we further demonstrate the stability condition upon
this observation.

Table 5: Illustration of stability condition for selected OD pairs

OD Uw
MaaS Non-MaaS
Cost Revenue Payoff Cost Revenue Payoff

(17, 21) 37.62 32.78 17.64 22.48 30.96 15.00 21.66
(19, 21) 27.33 24.84 14.70 17.19 23.07 12.00 16.26
(21, 17) 37.61 32.70 17.64 22.55 30.98 15.00 21.63
(20, 14) 36.81 36.73 22.04 22.12 35.01 18.00 19.80
(19, 24) 35.66 34.67 19.10 20.09 33.01 16.50 19.15
(6, 22) 47.01 47.01 29.39 29.39 45.43 22.58 24.16

In Table 5, we report the trip utility, traveler costs, operator revenues and total match payoffs
for selected OD pairs with the largest gap in the traveler’s cost between MaaS and non-MaaS. We
first observe the traveler costs between some OD pairs are pushed to the boundary of non-negative
traveler payoff (e.g., (6, 22) ). In other words, the platform squeezes all benefits from the demand
side to compensate the supply side and to expand its own profit. It thus leads to a higher traveler
cost compared to non-MaaS trips. Nevertheless, these MaaS trips yield much higher revenue for
operators. For trips between OD pair (6, 22), the rise in operator revenue is 5.23 compared to the
loss in traveler cost of 1.58. Therefore, they have no incentive to deviate from the current match
and serve these travelers with non-MaaS trips. Accordingly, the matching is still stable.

On the other hand, hypothetically, if MaaS revenue between OD pair (17, 22) reduces from
17.64 to 14, both the travelers and the operators would strictly prefer the non-MaaS option. In this
case, such a non-MaaS path would become a blocking path and render the matching unstable.

We note also that stability in many-to-many MaaS matching need not imply fairness. As
shown in this example (and also Figure 7), MaaS and non-MaaS travelers from the same OD pair
might end up with different cost savings, raising potential concerns about fairness. This is indeed
related to the stability conditions, which only guarantee the total payoff of a MaaS matching to be
higher but no fairness constraint on the payoff allocation among the stakeholders. Therefore, to
improve the fairness of the whole system, additional interventions might be necessary, for example,
introducing fairness metrics into constraints or the objective (e.g., Teo and Sethuraman, 1998).
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6 Discussion

6.1 Non-uniqueness of MaaS many-to-many matching

MaaS and non-MaaS travelers share the same physical links in the multi-modal transportation net-
work (e.g., roads and transit lines). Besides, some MoD vehicles (i.e., e-hailing vehicles) and
private cars also share the same road network. Hence, Eq. (14a) essentially describes a multi-class
and multi-modal equilibrium with link interaction, whose uniqueness is in general not guaran-
teed (Bar-Gera et al., 2012; Florian and Morosan, 2014). Nevertheless, we have proved in Propo-
sition 2 that there always exists an optimal MaaS assignment (q∗,x∗), from which we can always
obtain a stable outcome (q∗,x∗, p∗) as per Proposition 6. Further, Corollary 2 ensures that there is
a unique optimal pricing scheme when the optimal assignment satisfies some mild conditions.

When solving the assignment problem, we set the initial solution as one equilibrium in
the base scenario without MaaS to mimic the evolution after MaaS is launched in an existing
transportation system. This yields one optimal assignment with its corresponding unique pricing
scheme. Alternatively, multi-class and (or) multi-modal proportionality assumptions can be im-
posed to obtain unique link flows for each class and (or) mode (Bar-Gera et al., 2012; Florian and
Morosan, 2014). We leave such investigation for future research.

6.2 Connection to supply chain equilibrium

As mentioned in Section 2, this study is closely related to the supply chain equilibrium mod-
els (e.g., Nagurney et al., 2002; Nagurney, 2006), in which a profit-driven intermediary buys
products from manufactures at a wholesale price and sells them to customers at a retail price.
Specifically, the MaaS platform modeled in this study plays the role of intermediary in the multi-
modal transportation system. However, our model differs from the supply-chain models in two
main aspects.

First, instead of elastic supply and demand in supply-chain models, transport capacities and
travel demands are considered exogenous in this paper. Correspondingly, operators and travelers
are assumed to decide the proportion of capacities and demands using MaaS. Second, we adopt
stable matching as the concept of stability, instead of classic user equilibrium considered in supply-
chain models. In other words, operators and travelers have no incentive to deviate from their
current match because they cannot form another match that yields a higher total payoff, rather than
a higher individual utility as stated in user equilibrium. Therefore, the stability condition can be
interpreted as a relaxation of user equilibrium. Future research could perform an in-depth analysis
of the connection between the stability condition of the MaaS model and the equilibrium condition
in the supply-chain model.

7 Conclusion

How would a MaaS platform survive as an intermediary in a multi-modal transportation system?
Or specifically, how does the platform match demand with supply and price on both sides such
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that both travelers and service operators are willing to participate, meanwhile its own profit is
also maximized? To answer this question, we adapt the analytical framework of many-to-many
stable matching and decompose the complex interactions among travelers, service operators and
the MaaS platform into two subproblems. The first subproblem tackles the optimal assignment of
MaaS travel demand and flows. The assignment model captures the route choice of both MaaS
and non-MaaS travelers in a congestible multi-modal network subject to the service capacities. We
prove that, under mild conditions, the MaaS platform clears the market at equilibrium, i.e., its pur-
chased capacity equals its served travel flows. This result enables us to reformulate the assignment
problem as a bilevel program and solve it with a sensitivity-based algorithm. The second sub-
problem regards designing the optimal pricing scheme that ensures the participation of travelers
and service operators in MaaS and maximizes the platform’s profit. The former is dictated by the
stability condition derived from the optimal assignment outcomes. With a simplified but also more
practical pricing scheme, we explicitly characterize the stability conditions and show the optimal
pricing problem can be reduced to a linear program. We further prove that the resulting problem is
always feasible and guarantees a unique optimal solution given each assignment satisfying some
mild conditions. Given the optimal assignment and pricing, we postulate that a MaaS platform
could survive as an intermediary if the resulting profit is positive. Otherwise, certain subsidies
might be required to sustain a MaaS service as discussed in Liu and Chow (2023). Since the MaaS
platform is designed to be socially oriented and aims to minimize the system cost in the assignment
problem, such subsidies are justifiable.

The proposed model is tested on a hypothetical multi-modal transport system based on the
Sioux Falls network and compared with a based scenario without MaaS. The main findings from
numerical experiments are summarized as follows:

• MaaS has the potential to substitute private driving with public transport even if MaaS trav-
elers are given full freedom in mode and route choice. Specifically, MaaS promotes more
multi-modal trips and MT ridership, which leads to a significant increase in MT capacity
utilization and congestion reduction on the road network.

• Not only MaaS travelers are better off compared to the base scenario, but also a large fraction
of non-MaaS travelers can benefit as MaaS improves the overall system efficiency. Overall,
travelers enjoy a positive saving in their average travel cost.

• In addition to reducing travelers’ costs, the MaaS platform is able to achieve a positive profit
under well-designed pricing schemes. Meanwhile, the service operators could also receive a
higher revenue compared to the scenario without MaaS. Consequently, the launch of a MaaS
platform creates a win-win-win situation.

There are several directions along which the current model can be extended. First, in this
study, we assume the service capacities are exogenous and the non-MaaS fares are fixed. Future
research could incorporate the operators’ decisions into the model, which could provide additional
insights into the cooperation and competition between the MaaS platform and operators. Simi-
larly, the assumption of fixed total demand can be relaxed to analyze the robustness of a MaaS
system toward the future growth of travel demand. This paper has also introduced several simpli-
fications in the MoD access time, e.g., uniform distribution of vehicles and bikes. Future research
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can consider a realistic setting with heterogeneous access times over the network and more so-
phisticated operational strategies in the MoD services. Besides, the numerical results indicate that
the performance of MaaS depends on how much the road network and MT network overlap with
each other. Hence, it would be interesting to explore the impact of topological properties of the
multi-modal transportation network on the social cost saving and profitability of MaaS. In addi-
tion, multi-objective optimization (e.g., Lyu et al., 2023) could be considered in future research to
ensure all stakeholders can be better off following the launch of a MaaS platform. Furthermore,
future research could consider the additional wholesale capacity constraint from the operator’s
perspective and investigate its implications on model properties and solution algorithms. Finally,
as mentioned in the discussion, there exists a connection between matching stability and supply-
chain equilibrium. Future research can look into their difference and investigate which one fits
better with real practice.
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A Equivalence to total payoff maximization

Let u′w,l denote the payoff of travelers taking path l (i.e., net utility) between OD pair w, defined as:

u′w,l =Uw −∑
a∈l

ta − pd
w, ũ′w,l =Uw −∑

a∈l
(ta + p̃a),

where, Uw denote the utility value of trips between OD pair w, pd
w, p̃a denote the MaaS and non-

MaaS fare, respectively. As per Assumption 1, the total service capacity is assumed to be fixed
and exogenous. Therefore, the payoff generated on each path l (i.e., revenue) for operator m ∈ M
is given by

v′m,l = ∑
a∈l∩A m

ps
a, ṽ′m,l = ∑

a∈l∩A m
p̃a,

where ps
a denote the MaaS service capacity purchase price. In addition, the payoff generated on

each path l (i.e., profit) for the MaaS platform is defined as:

gl = pd
w −∑

a∈l
ps

a

Let fl, f̃l denote the MaaS and non-MaaS flows on path l, respectively. The total payoff
maximization problem for the multi-modal transport system is defined as follows:

max
f∈Ω, f̃∈Ω̃

∑
w,l

[(
u′w,l + ∑

m∈M

v′m,l +gl

)
fl +

(
ũ′w,l + ∑

m∈M

ṽ′m,l

)
f̃l

]

=∑
w

QwUw −∑
w,l

[
∑
a∈l

ta fl +∑
a∈l

ta f̃l

]
, (57)

where, Ω,Ω̃ denote the feasible region of the MaaS and non-MaaS path flows. Note that the first
term is constant for the given Uw,Qw, and can be dropped from the objective. Let link flows
xa = ∑w,l δa,l fl, x̃a = ∑w,l δa,l f̃l , where δa,l = 1 if path l incidents link a, and δa,l = 0, otherwise.
We have the following:

max
f∈Ω, f̃∈Ω̃

−∑
w,l

[
∑
a∈l

ta fl +∑
a∈l

ta f̃l

]
=−∑

a
ta ∑

w,l
δa,l
(

fl + f̃l
)

⇒ min
x∈Ω,x̃∈Ω̃

∑
a

ta(xa + x̃a) (58)

We note that all pricing decision variables are canceled out in the objective, and no longer
appear in the total payoff maximization problem. The optimal pricing can be interpreted as an
auxiliary problem that aims to allocate the maximum total payoff such that the outcome is stable.
Moreover, the equivalent objective of total travel time minimization also demonstrates that MaaS is
a sustainable option with the potential to mitigate congestion of our multi-modal transport systems.
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B Proof of Lemma 1

Proof. Note that the capacity purchase price is positive for links with MaaS flows. Let ka denote
the purchased service capacity with feasible price ps∗

a , and xa denote the realized MaaS travel flows
on link a with feasible link fare pd∗

a , which is distributed from the OD-based MaaS fares.

The MaaS platform profit maximization problem takes the following abstract form:

max
ka

∑
a∈A r

(
pd∗

a xa − ps∗
a ka

)
, (59a)

s.t. xa ≤ ka, ∀a ∈ Ar (59b)

The corresponding complementarity conditions are:

0 ≤ ps∗
a −µa ⊥ ka ≥ 0 (59c)

0 ≤ ka − xa ⊥ µa ≥ 0, (59d)

where xa > 0 implies ka > 0, such that through complementarity condition (59c):

µa = ps∗
a > 0 (59e)

consequently, we have by complementarity condition (59d):

ka = xa, (59f)

we conclude that, if MaaS platform aims to maximize its profit, the market is cleared at optimal.

C Proof of Proposition 4

Proof. First, if condition (30) holds, it implies no MaaS traveler that is matched with l ∈ P∗
w

strictly prefers any other optimal MaaS path l′ ∈ P∗
w. Furthermore, condition (28) implies either

of the following criteria holds:

uw,l ≥ uw,l′ or vm,l ≥ vm,l′, ∀l ∈ P∗
w, l′ ∈ Pw \P∗

w,m ∈ M ,

such that no MaaS traveler and operator, who is matched with an optimal MaaS path, strictly
prefers any non-matched MaaS path. Altogether, conditions (30)-(28) imply MaaS stability condi-
tion (27a) is satisfied. Similarly, condition (29) implies either of the following criteria holds:

uw,l ≥ ũw,l′ or vm,l ≥ ṽm,l′, ∀l ∈ P∗
w, l′ ∈ Pw,m ∈ M ,

such that MaaS stability condition (27b) is satisfied.
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D Proof of Lemma 2

Proof. Under the assumptions of Proposition 2, the complemenarity conditions for the lower-level
problem (14) are derived for MaaS travelers as follows:

0 ≤
[
π js + ti j +µi j −πis

]
⊥ xw

i j ≥ 0, ∀(i, j) ∈ A ,w ∈ W (60a)

0 ≤ [Aixw −bw
i ]⊥ πis ≥ 0,∀i ∈ N ,w ∈ W (60b)

0 ≤

[
Ka − ∑

w∈W

(xw
a + x̃w

a )

]
⊥ µa ≥ 0, ∀a ∈ A (60c)

where, Ai denote the i-th row of the node-link adjacency matrix A.

At optimal, for links with positive flows xw
i j > 0, we have:

πis = π js + ti j +µi j. (60d)

Therefore, for path in the optimal path set r ∈ R∗
w, the UE cost πw can be obtained by setting

πss = 0 and recursively summing over all incident links with Eq. (60d):

πw = ∑
a∈r

(t∗a +µ
∗
a ) (60e)

E Detailed experiment setup

The road network free-flow travel times are set to be the same as Sioux Falls benchmark (Bar-
Gera, 2016), while we reduce the link capacity by 25% to avoid modeling the exogenous vehicular
traffic. The MT link travel time Ta is set to be 1.6 times the road link free-flow travel time. For
simplicity, we assume link-based non-MaaS MoD fare p̃a = Ta, private driving cost p̃a = 1.8Ta,
and MT fare p̃a = 0.5Ta The values of regular link parameters are reported in Table 6.

For MoD, the matching coefficient in Eq. (4) is set to κm = 0.19km2/min and the scaling
factors are set to α1,m = α2,m = 0.5, following Zhang et al. (2019). The minimum vacant vehicle
time is set to V m = 0.5 minutes. We note that, in real applications, these parameters could also be
calibrated with empirical data. The choice of parameters in this numerical experiment corresponds
to the assumption that the waiting time is uniform over the network and is proportional to the
demand-supply ratio. Since MoD provides door-to-door trips, we simply set the egress time as
zero. For MT, the access and egress times are set as 1.25 and 0.25 minutes, respectively. As
mentioned in Section 5.1, we simplify the network by merging transfer links and access links.
Hence, an extra transfer time of T0 = 1.0 minute is added to all access links. Besides, a planning
cost P0 equivalent to 2.5 minutes is added to each access link in a non-MaaS multi-modal trip to
capture the extra cost in self-planned mode transfers.

Regarding the exogenous service capacity, we set the MoD total vehicle time as 2×106 min-
utes and assume each MT line can serve up to 15,000 passengers. These values are chosen such
that the MoD and MT service capacities are not fully saturated in the base scenario without MaaS.

The parameters in Algorithm 1 are well-tuned and set as follows:
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• Step sizes: α = 2.5×10−4,γ = 2.5×10−4,β = 0.2,N = 200;

• Augmented Lagrangian parameters: ρ = 1 (with additional upper bound of ρ(k) ≤ 200),
φ = 0.1,σ = 0.85;

• Stopping thresholds εq = εz = 1×10−7.

In addition, as Algorithm 1 approaches the optimal solution, we gradually reduce the number of
fixed-point iterations (N) by 1, which is numerically shown to stabilize the outcomes. The algo-
rithm is implemented in Python and the backward propagation is performed by PyTorch. Finally,
the pricing problem is solved by Gurobi.

Table 6: Parameter values of regular links (bidirectional)

Link Road network MT network
Ta Ka ρCar

a ρMoD
a Ta Ka ρMT

a

(1, 2) 6.00 19425.15 10.80 6.00 - - -
(1, 3) 4.00 17552.60 7.20 4.00 - - -
(2, 6) 5.00 3718.64 9.00 5.00 8.00 15000.00 2.50
(3, 4) 4.00 12832.89 7.20 4.00 6.40 15000.00 2.00

(3, 12) 4.00 17552.60 7.20 4.00 - - -
(4, 5) 2.00 13337.10 3.60 2.00 3.20 15000.00 1.00

(4, 11) 6.00 3681.62 10.80 6.00 9.60 15000.00 3.00
(5, 6) 4.00 3711.00 7.20 4.00 6.40 15000.00 2.00
(5, 9) 5.00 7500.00 9.00 5.00 8.00 15000.00 2.50
(6, 8) 2.00 3673.94 3.60 2.00 3.20 15000.00 1.00
(7, 8) 3.00 5881.36 5.40 3.00 - - -

(7, 18) 2.00 17552.60 3.60 2.00 - - -
(8, 9) 10.00 3787.64 18.00 10.00 - - -

(8, 16) 5.00 3784.37 9.00 5.00 8.00 15000.00 2.50
(9, 10) 3.00 10436.84 5.40 3.00 4.80 15000.00 1.50
(10, 11) 5.00 7500.00 9.00 5.00 8.00 15000.00 2.50
(10, 15) 6.00 10134.00 10.80 6.00 9.60 15000.00 3.00
(10, 16) 4.00 3641.19 7.20 4.00 6.40 15000.00 2.00
(10, 17) 8.00 3745.13 14.40 8.00 - - -
(11, 12) 6.00 3681.62 10.80 6.00 9.60 15000.00 3.00
(11, 14) 4.00 3657.38 7.20 4.00 6.40 15000.00 2.00
(12, 13) 3.00 19425.15 5.40 3.00 - - -
(13, 24) 4.00 3818.44 7.20 4.00 6.40 15000.00 2.00
(14, 15) 5.00 3845.64 9.00 5.00 - - -
(14, 23) 4.00 3693.59 7.20 4.00 6.40 15000.00 2.00
(15, 19) 3.00 10923.56 5.40 3.00 - - -
(15, 22) 3.00 7199.39 5.40 3.00 4.80 15000.00 1.50
(16, 17) 2.00 3922.43 3.60 2.00 3.20 15000.00 1.00
continued on next page
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Table 6: Parameter values of regular links (bidirectional) (Cont.)

Link Road network MT network
Ta Ka ρCar

a ρMoD
a Ta Ka ρMT

a

(16, 18) 3.00 14759.92 5.40 3.00 4.80 15000.00 1.50
(17, 19) 2.00 3617.96 3.60 2.00 3.20 15000.00 1.00
(18, 20) 4.00 17552.60 7.20 4.00 - - -
(19, 20) 4.00 3751.96 7.20 4.00 6.40 15000.00 2.00
(20, 21) 6.00 3794.93 10.80 6.00 9.60 15000.00 3.00
(20, 22) 5.00 3806.77 9.00 5.00 - - -
(21, 22) 2.00 3922.43 3.60 2.00 3.20 15000.00 1.00
(21, 24) 3.00 3664.02 5.40 3.00 4.80 15000.00 1.50
(22, 23) 4.00 3750.00 7.20 4.00 - - -
(23, 24) 2.00 3808.88 3.60 2.00 3.20 15000.00 1.00

F Performance of Algorithm 1

The algorithm converges with both gaps below the stopping thresholds: gq = 9.56× 10−8 and
gz = 9.97× 10−8. Figures 10 and 11 plot the two gaps against the number of iterations. For a
better illustration, the results are also smoothed by exponential averaging.

As can be seen in the plots, both gaps drop significantly within the first several hundreds of
iterations, then continue to reduce approximately linearly until convergence. A lot of oscillations,
however, are observed due to the coordinated descent feature of the algorithm (Tseng, 2001).

Figure 10: Convergence of demand gap.
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Figure 11: Convergence of flow gap.

G Analysis of compensated OD pairs

The compensated MaaS trips under the optimal pricing scheme are between the following pairs of
nodes (bidirectional):

• (1, 3), (3, 12), (7, 8), (12, 13)

As can be seen in Figure 4, all these OD pairs are connected by a single road link and have no
convenient access through MT. Under the optimal assignment, all MaaS travelers take MoD trips
while non-MaaS travelers drive alone, both via the shortest paths. Therefore, there is no extra
traffic induced on the road network when switching these travelers between MaaS and non-MaaS.
However, the MaaS platform chooses to capture and even compensate these travelers because their
shifts in mode benefit the entire system. This is done by squeezing the MoD vacant vehicle time
(see Eq. (10c)), which lowers the MoD service quality and in turn, encourages the MT ridership.
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